In traditional Chinese medicine, Ligusticum wallichii (Chuan Xiong) and its bioactive ingredient, tetramethylpyrazine (TMP), have been used to treat cardiovascular diseases and to relieve various neurological symptoms, such as those associated with ischemic injury. In the present study, we investigated whether ultrasound (US) exposure could enhance the protective effect of TMP against cerebral ischemia/reperfusion (I/R) injury. Glutamate-induced toxicity to pheochromocytoma (PC12) cells was used to model I/R injury. TMP was paired with US to examine whether this combination could alleviate glutamateinduced cytotoxicity. The administration of TMP effectively protected cells against glutamate-induced apoptosis, which could be further enhanced by US-mediated sonoporation. The anti-apoptotic effect of TMP was associated with the inhibition of oxidative stress and a change in the levels of apoptosis-related proteins, Bcl-2 and Bax. Furthermore, TMP reduced the expression of proinflammatory cytokines such as TNF-a and IL-8, which likely also contributes to its cytoprotective effects. Taken together, our findings suggest that ultrasound-enhanced TMP treatment might be a promising therapeutic strategy for ischemic stroke. Further study is required to optimize ultrasound treatment parameters.
Introduction
Ischemic stroke, which results from the interruption of cerebral blood circulation, is characterized by the sudden development of neurological deficits in the damaged brain area [1] [2] [3] . Ischemia/ reperfusion (I/R) injury, which is characterized by extensive neuronal apoptosis induced by inadequate oxygen supply, can happen to patients suffering ischemic diseases during/after the reperfusion treatment [4, 5] . It has been reported that the onset of post-ischemic apoptosis can be induced by multiple mechanisms. For example, oxidative stress caused by excessive levels of oxygen free radicals appears to play a key role in neuronal apoptosis [6] [7] [8] [9] . Furthermore, post-ischemic inflammation is reported to be a major contributor to the delayed progression of cell death [10, 11] . The activation of inflammatory cells results in the production of pro-inflammatory and cytotoxic factors, including nitric oxide (NO), tumor necrosis factor-a (TNF-a), interleukin 1 (IL-1), interleukin 6 (IL-6) and reactive oxygen species (ROS) [11] [12] [13] [14] [15] [16] .
In traditional Chinese medicine, the herb Ligusticum wallichii (Chuan Xiong in Chinese) is commonly used to treat neurovascular and cardiovascular diseases. The compound 2,3,5,6-tetramethylpyrazine (TMP; C 8 H 12 N 2 ; molecular weight, 136.2) is one of the most important active ingredients isolated from Chuan Xiong [17] . Over the past two decades, TMP has been demonstrated, in both animal experiments and clinical practice, to alleviate ischemic brain injury. TMP possesses diverse pharmacological properties, including the ability to dilate blood vessels, reduce arterial resistance and capillary permeability, increase cerebral blood flow, inhibit platelet aggregation and thrombosis, and improve microcirculation [18] [19] [20] [21] . Accumulating evidence also shows that TMP helps maintain normal neuronal functions by preventing hypoxic and excitotoxic cell damage in hippocampal neurons [22] by scavenging free radicals, downregulating the production of nitric oxide [23, 24] , and stimulating neuroprotective and anti-inflammatory processes after transient focal cerebral ischemia [25] . However, TMP displays low bioavailability in vivo and is metabolized rapidly, with a short half-life. It has been reported that even though TMP can traverse the blood-brain barrier quickly (within 10 min), it is rapidly eliminated from brain tissue. Furthermore, plasma levels of TMP are undetectable 2 h after intravenous administration in rats [26] [27] [28] . Therefore, optimizing the delivery and bioavailability of TMP to enhance its therapeutic efficacy is critical for the application of the drug in the clinic. The conventional solution is to raise the blood concentration of TMP to a relatively high level. However, this approach can produce undesired side-effects in patients (e.g. allergic reactions, angioedema, laryngeal edema, bronchial asthma or anaphylactic shock).
It has been demonstrated that with ultrasound (US) exposure, tiny pores can be transiently opened in cell membranes, through which macromolecules can be delivered into cells more easily. This process is called sonoporation [29] [30] [31] [32] [33] . There are usually small dissolved air bubbles (called cavitation nuclei) in liquid and tissues. These small bubbles, excited by ultrasound pulses with relatively higher pressure, may grow, oscillate and then collapse violently to result in inertial cavitation activity, which generates short-lived, non-specific pores in cell membranes [34] . Marmottant and Hilgenfieldt demonstrated dynamic vesicle deformation and lysis resulting from microstreaming and strain induced by lowamplitude US-driven bubble oscillations [35] . Thus, US-induced sonoporation is regarded as a promising non-invasive technique for enhancing gene and drug delivery efficiency, owing to its site specificity and the easy manipulation of US application parameters.
In this study, we investigated the feasibility of enhancing the protective effect of TMP for cerebral I/R injury using ultrasound exposure. We examined the cytoprotective effects of TMP combined with 1-MHz US exposure against glutamate-induced apoptosis in pheochromocytoma (PC12) cells. Immunohistochemistry assay, enzymatic rate assay, enzyme-linked immunosorbent assay (ELISA) and real-time polymerase chain reaction (PCR) were performed to examine changes in superoxide dismutase (SOD), lactate dehydrogenase (LDH), inflammatory factors (TNFa, IL-8 and IL-6) and apoptosis, in an effort to provide insight into the mechanisms underlying the neuroprotective effects of TMP.
Materials and Methods

Chemicals and Materials
Dulbecco's modified eagle medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, NY, USA). Glutamate and TMP were purchased from Sigma (St Louis, MO, USA) and were dissolved in dimethylsulfoxide (DMSO; Sigma) for all experiments. Cytokine (TNF-a, IL-6 and IL-8) ELISA kits were purchased from R&D (Minneapolis, MN, USA). Total RNA extraction kits and Trizol were purchased from Invitrogen (Carlsbad, CA, USA). Reverse transcription kits and PCR kits were purchased from Fermentas (Pittsburgh PA, USA). LDH and SOD assay kits were purchased from Nanjing Jian cheng (Jian cheng Bioengineering Institute, Nanjing, China). Cell apoptosis kit was purchased from BD Biosciences (San Jose, CA, USA). Penicillin-streptomycin was purchased from Wisent (Montreal, Canada). All other reagents were of analytical grade.
Cell culture and treatment PC12 cells were purchased from American Type Culture Collection (ATCC, USA). The cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin solution at 37uC in a 5% CO 2 incubator. To experimentally model apoptosis induced by cerebral I/R injury, cells were incubated with 12.5 mM glutamate for 12 h. To study the protective effect of TMP on PC12 cells, cells were pre-incubated with TMP for 3 h, and glutamate (12.5 mM) was then added for an additional 12 h of incubation. TMP and glutamate were dissolved in 50% DMSO; the concentration of DMSO in the final culture medium was ,0.1%, which had no effect on cell viability. To study the impact of US on the cytoprotective effect of TMP, PC12 cells were treated with TMP (1 mM) and exposed to 1-MHz US at varying acoustic driving pressures for 20 s.
Experimental groups
The experimental groups were categorized as follows: (1) Negative control group: PC12 cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin solution; (2) Glutamate injury group (positive control): PC12 cells were treated for 12 h with DMEM containing 12.5 mM glutamate; (3) TMP group: PC12 cells were pretreated with medium containing 1 mM TMP for 3 h, and then incubated in medium containing 12.5 mM glutamate for 12 h; (4) US combined with TMP group: PC12 cells were cultured in DMEM containing TMP and exposed to US at varying acoustic peak negative pressures (P-= 0.05, 0.2, 0.5 or 1.0 MPa) for 20 s. After a 3-h treatment period, the cells were incubated in medium containing 12.5 mM glutamate for another 12 h.
Ultrasound exposure system
The US exposure apparatus is shown in Fig. 1 . All experiments were performed in an acrylic tank filled with degassed water. An arbitrary waveform generator (Agilent 33250A, Santa Clara, CA, USA) supplied 1-MHz sinusoidal pulses at a fixed 20-cycle pulse length and 250-Hz pulse repetition frequency (PRF), with varied driving amplitudes. The output signals from the waveform generator were amplified through a RF power amplifier (ENI A150, Rochester, NY, USA) with a fixed gain of 50 dB, which were used to drive a 1-MHz self-made focused source transducer with a radius of 9.2 cm. The approximately 6.6-cm focal distance was about 6.6 cm and the 26 dB, focal width was ,8 mm. A plastic test tube of 10-mm diameter and 50-mm length, filled with sample suspension (the liquid depth of the suspension was ,16 mm), was capped with a custom-built rubber stopper that was used as an acoustic absorber to minimize the effect of standing waves, and then sealed with parafilm to minimize bacterial contamination. The test tube was aligned axially with the source transducer so that the center of the suspension was situated at the focal region. LabView (National Instruments, Austin, TX, USA) was used to control the waveform generator and the oscilloscope. The attenuation of the test tube wall was determined by measuring the US amplitude with/without placing the test tube in situ. Then, Enhanced Protective Effect of TMP against Cerebral I/R Injury PLOS ONE | www.plosone.orgthe in situ peak negative pressure of the source transducer was calibrated using a NTR needle hydrophone (TNU001A, NTR Systems, Inc., Seattle, WA, USA) with a 30-dB preamplifier (HPA30, NTR Systems, Inc., Seattle, WA, USA).
Apoptosis rate assessed by flow cytometry
Twelve hours after glutamate injury, adherent PC12 cells were harvested and washed twice with pre-cooled PBS buffer. Then, the cells were incubated with 200 ml binding buffer containing 20 ml annexin V-FITC (20 mg/ml) and 10 ml propidium iodide (50 mg/ ml) for 15 min at room temperature in the dark. Samples were detected in a FACSCanto II cell sorter (BD Biosciences, USA), and the data were analyzed with CellQuest software (BD Biosciences) [36] .
ELISA-based cytokine assays
Twelve hours after glutamate injury, cell supernatants were collected. After centrifugation at 3 000 r/min for 5 min, the cell supernatant was collected and stored at 280uC until analysis. The cell supernatant levels of proinflammatory cytokines (TNF-a, IL-6 and IL-8) were measured, respectively, using rat TNF-a, IL-6 and IL-8 ELISA kits (R&D Systems), according to the manufacturer's instructions.
Immunoturbidimetric assay and enzymatic rate assay
Twelve hours after glutamate injury, cell supernatants were collected. After centrifugation at 3 000 r/min for 5 min, the cell supernatants were collected and stored at 280uC until analysis. The cell supernatant levels of two oxidative stress-related factors, SOD and LDH, were evaluated with immunoturbidimetric and enzymatic rate assay, respectively, according to the manufacturer's protocol.
RNA isolation and real-time PCR analysis
Total RNA was extracted from PC12 cells using Trizol reagent (Invitrogen, USA) and reverse-transcribed to obtain single strand cDNA using the Reverse Transcription System (Fermentas, USA) according to the manufacturer's protocol. cDNA was amplified in a 20-ml reaction system containing 2 ml cDNA template, 1 ml probe (Invitrogen, Shanghai, China), 12.5 ml mix, 0.5 mM each of upstream and downstream primer, and double-distilled H 2 O. Real-time PCR was performed using the GeneAmp PCR system 9500 (Applied Biosystems, Foster City, CA). 
{DDCT analysis method was used to quantify relative amounts of mRNA. For normalization of gene expression levels, the result was expressed as fold change relative to control. mRNA ratios relative to the housekeeping gene GAPDH were calculated.
Morphological analysis using scanning electron microscopy
To examine the effects of US exposure on cell membranes, cells were imaged with scanning electron microscopy (SEM) at 10 0006 magnification. It has been reported that US-induced cell membrane damage is rapidly repaired. Zarnitsyn et al. theoretically calculated that the membrane cavity (,300 nm radius) is resealed with a half time of 20-50 s [37] . Thus, after US exposure, the cells were immediately (,5-10 s) fixed with 2.5% glutaraldehyde solution for 2 h at 4uC, and then washed twice in PBS. Cells were then subjected to graded alcohol dehydration in 33, 50, 60, 80, 90 and 100% ethanol for 20 min each. Each step was repeated twice. After lyophilization (Freezone 6 Freeze Dry System, Labconco Co., Kansas City, Missouri, USA), each sample was gold sputter-coated for 5 min at 125 mA in an argon atmosphere with an approximately 50-nm-thick coating (Emitech K550X. Sputter Coating Systems, England). A field emission scanning electron microscope (JSM-5610LV, JEOL Ltd., Tokyo, Japan) was used with a gun acceleration voltage of 15 kV and a working distance of 8 mm.
Statistical analysis
All data were expressed as the mean 6 standard deviation (SD) of 5 replicate treatments. In order to detect significant differences among experimental groups, analysis of variance (ANOVA) was performed based on Newman-Keuls method. A p,0.05 was considered statistically significant. The statistic analyses were performed using SPSS software (IBM Corporation, Armonk, NY, USA).
Results and Discussion
US-enhanced protective effect of TMP on glutamateinduced apoptosis
Previous studies demonstrate that TMP can exert a significant protective effect against cerebral ischemic injury, as shown by its ability to reduce cerebral apoptosis [22] [23] [24] [25] 38] . To quantitatively evaluate the protective effect of TMP combined with US exposure on PC12 cells, the apoptosis rate was assessed by FITC-labeled annexin V/PI double staining and flow cytometry analysis. As shown in Fig. 2 , compared with the negative control group, which had an apoptosis rate of 1.3460.33%, a substantial increase in the apoptosis rate was observed in PC12 cells treated with 12.5 mM glutamate for 12 h (18.3262.34%). If these glutamate-treated cells were pretreated with 1 mM TMP for 3 h, the apoptosis rate decreased to 5.661.2%, which suggests that TMP can effectively protect cells against glutamate-induced cytotoxicity. To examine whether the protective effect of TMP can be further enhanced with combined US exposure, the suspension of glutamate-treated cells and TMP was sonicated with 1-MHz US for 20 s, with varying acoustic driving pressures. The apoptosis rate was substantially lowered to 2.660.6% when the acoustic pressure was increased to 0.2 MPa. When a relatively high acoustic pressure was applied (0.5 and 1.0 MPa), the apoptosis rate reverted to a level comparable to that in the group treated with TMP only (6.2060.99% and 4.5060.54% for 0.5 and 1.0 MPa, respectively) as a result of the cell damage caused by excessive acoustic energy. The results clearly show that US exposure of an appropriate acoustic intensity can substantially enhance the neuroprotective effect of TMP against glutamate-induced cytotoxicity in PC12 cells.
Combined effect of TMP and US on oxidative stressrelated enzymes
There is increasing evidence that oxidative stress, an imbalance between the production of ROS and the biological system's ability to detoxify them, may be a key factor in the pathophysiology of cardiovascular and cerebrovascular diseases [6] [7] [8] [9] . In the present study, glutamate was used to induce oxidative stress, which can damage DNA and trigger the peroxidation of lipids and proteins in the cell membrane. Thus, the combined protective effect of TMP and US might result from the inhibition of glutamate-induced oxidative stress. Here, the expression levels of oxidative stressrelated factors, LDH, SOD and Bcl-2/Bax, were assessed by enzymatic rate assay, immunoturbidimetric assay and real-time PCR, respectively.
LDH is of significance because it is an enzyme released during tissue damage. An increase in LDH is a typical indicator of common injuries and diseases [7] . As shown in Fig. 3 , a significant increase in LDH release was observed for glutamate-damaged cells (355.467.0 U/l). With TMP treatment, less LDH was detected (321.169.7 U/l), suggesting that treatment with TMP can alleviate cell damage caused by glutamate. When combined with increasing acoustic driving pressure, from 0.05 to 1.0 MPa, LDH release decreased from 317.363.5 U/l to 287.667.7 U/l, which suggests that the protective effect of TMP can be improved by US exposure.
Another antioxidant enzyme, SOD, has been reported previously to be involved in antioxidant defense in vascular endothelial cells [7, 9, 39] . SOD can scavenge intracellular ROS by converting them to hydrogen peroxide, which can be further converted to water. However, the activity of SOD can be impaired in patients with ischemia/reperfusion brain injury [40] . As shown in Fig. 4 , the SOD level in the negative control group was 44.462.5 pg/ml. By adding glutamate, the SOD level was suppressed to 24.661.9 pg/ml. The decline in SOD content could be prevented by the use of TMP (37.361.0 pg/ml). Moreover, the combination of TMP and US exposure elevated SOD content from 35.463.2 to 54.561.7 pg/ml, as P-increased from 0.05 to 1.0 MPa. This observation suggests that the cytoprotective effect of TMP combined with US on glutamate-induced oxidative stress might be related to the reduction of intracellular ROS via the enhancement of endogenous antioxidative mechanisms (i.e. increased SOD expression).
Combined effect of TMP and US on mitochondrial apoptosis regulatory genes
The overproduction of ROS can also break down mitochondrial function via formation of the mitochondrial permeability transition pore, which is an early event in apoptosis [41] . The apoptotic process involves numerous genes and proteins. The Bcl-2 family is a major apoptotic regulator [38, 42] . The Bcl-2 family of proteins can act as sensors to integrate death and survival signals in the mitochondrial pathway. Bcl-2 serves as a potent cell death suppressor, and apoptosis can be prevented by overexpression. In contrast, Bax is a key factor that promotes cell death. The translocation of Bax to the mitochondrial membrane can result in the loss of mitochondrial membrane potential and an increase in mitochondrial permeability, which in turn triggers apoptosis. In the present study, the impact of TMP treatment combined with US on the cellular Bcl-2/Bax ratio was evaluated using quantitative RT-PCR analysis. Figure 5 shows the results obtained using glutamate-damaged PC12 cells treated with TMP combined with US exposure at different acoustic pressures. The increase in the ratio of Bcl-2/Bax (from 0.9160.09 to 1.2060.15), which indicates an up-regulation of Bcl-2 and a down-regulation of Bax, is clearly observed when P-is raised from 0 to 0.2 MPa. This observation suggests that TMP can provide neuroprotection to PC12 cells against oxidative stress induced brain injury by blocking the mitochondrial apoptotic pathway, which agrees well with previous reports [38] . Consistent with the results obtained for the cell apoptosis rate, the Bcl-2/Bax ratio drops from 1.2060.15 to 0.8760.05 as P-increases from 0.2 to 1.0 MPa, suggesting that 
Combined effect of TMP and US on inflammatory factors
In addition to its anti-apoptotic properties, TMP might also protect neuron cells against ischemic injury by inhibiting the inflammatory reaction. Cytokines are a diverse category of small glycoproteins (,5-25 kDa) released by different types of cells, such as endothelial cells, immune cells and platelets, and function as intercellular messengers that regulate inflammatory and immunologic responses [9] . Previous studies have reported that proinflammatory cytokines (e.g. TNF-a, IL-6) might be elevated in serum in the early phase of acute ischemic stroke [9, 14, 15] . Thus, to examine whether TMP protects against cerebral ischemia/ reperfusion injury by modulating the inflammatory response, the release of inflammation-related factors (TNF-a, IL-6, IL-8) were examined in PC12 cells using ELISA assays.
As shown in Fig. 6 , after experimentally modeling cerebral ischemia/reperfusion injury by pre-treating PC12 cells with glutamate, a robust increase in IL-8 (from 15.061.4 to 33.362.9 pg/ml) can be observed. In the groups treated with TMP combined with US, the IL-8 concentration was significantly reduced to 15.161.4 pg/ml, as the acoustic driving pressure was raised to 0.2 MPa. With higher acoustic pressures (e.g. P-. 0.5 MPa), the IL-8 concentration increases again (to 32.462.0 pg/ml). A similar trend could be observed for TNF-a, although the change was smaller than that for IL-8. Previous studies have demonstrated that both IL-8 and TNF-a act as typical proinflammatory cytokines, and an elevation in TNF-a and IL-8 levels can be detected after cerebral ischemic injury [9, 15, 43] . Therefore, the current results indicate that the neuroprotective effect of TMP is also, in part, mediated by its anti-inflammatory properties, and that it can effectively down-regulate the expression of some proinflammatory cytokines (e.g. IL-8 and TNF-a) after ischemic brain injury. Moreover, similar to its anti-apoptotic properties, the anti-inflammatory properties of TMP can also be enhanced by US exposure with an appropriate driving pressure.
In contrast to IL-8 and TNF-a, no obvious change is observed for IL-6 (as shown Fig. 6 ). Lindsberg et al [12] reported that IL-6 shares some of the biological activities of IL-1 in the development of inflammatory responses, while it is also believed that IL-6 should have anti-inflammatory properties because of its ability to induce IL-1ra synthesis [13] . Thus, it is unclear whether IL-6 is more pro-or anti-inflammatory. The current results suggest that the neuroprotective effects of TMP are not associated with changes in IL-6 levels.
US-induced sonoporation on cell membranes
The preceding results demonstrate that the neuroprotective effect of TMP can be effectively enhanced by combining with US exposure (e.g. P-= 0.2 MPa), although ultrasonic sonication of relatively high intensity might attenuate TMP protection. USinduced sonoporation can transiently enhance cell membrane permeability to facilitate the uptake of foreign genes and drugs into cells [29] [30] [31] [32] [33] [34] [35] . Therefore, electron microscopy studies were applied to examine the membrane morphology of PC12 cells treated with/ without US exposure. As shown in Fig. 7a , without US exposure, the cell has a spherical shape with a relatively intact surface. However, after US exposure, tiny pores and a rougher membrane surface can be observed (Fig. 7b) . Qiu et al reported that the diameter of the sonoporation pore is highly correlated with USinduced cavitation intensity, which is dependent on the acoustic driving pressure [44] . For the acoustic intensity within a certain range, the increase in P-can benefit gene/drug delivery to cells by improving the permeability of cell membrane to allow more TMP entering the cells. However, if the US driving pressure exceeds a certain level (P-.0.5 MPa), sonoporation pores with an excessively large diameter could be generated on the cell membrane, which might induce permanent damage, resulting in cell apoptosis. Therefore, appropriate US driving parameters should be employed to optimize the intracellular uptake of TMP.
Conclusion
In this study, we show that the combination of TMP and US can effectively protect PC12 cells from glutamate-induced oxidative damage, which models neuronal injury following I/R. The neuroprotective effects of TMP appear to be mediated by its ability to inhibit cell apoptosis by reducing cellular oxidative stress and impacting levels of critical apoptosis-related gene factors. TMP also has anti-inflammatory properties and inhibits the expression of proinflammatory cytokines such as TNF-a and IL-8, which likely also contributes to the cytoprotective effects. Collectively, our results suggest that with optimal acoustic driving parameters, US-enhanced TMP treatment might have therapeutic efficacy in patients with I/R injury.
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